Separating petroleum hydrocarbons from water is an important problem to address in order to mitigate the disastrous effects of hydrocarbons on aquatic ecosystems. A rational approach to address the problem of marine oil water separation is to disperse the oil with the aid of surfactants in order to minimize the formation of large slicks at the water surface and to maximize the oil-water interfacial area, which governs the biodegradation rate. Here we investigate the fundamental wetting and transport behavior of such surfactant-stabilized droplets and the flow conditions necessary to perform sieving and separation of these stabilized emulsions. We show that, for water soluble surfactants, such droplets are completely repelled by a range of materials (intrinsically underwater superoleophobic) due to the detergency effect; therefore, there is no need for surface micro/nanotexturing or chemical treatment to repel the oil and prevent fouling of the filter. We then simulate and experimentally investigate the effect of emulsion flow rate on the transport and impact behavior of such droplets on rigid meshes to identify the minimum pore opening ( w ) necessary to filter a droplet with a given diameter ( d ) in order to minimize the pressure drop across the mesh-and therefore maximize the filtering efficiency, which is strongly dependent on w . We define a range of flow conditions and droplet sizes where minimum droplet deformation is to be expected and therefore find that the condition of w d ≈ is sufficient for efficient separation. With this new understanding, we demonstrate the use of a commercially available filter-without any additional surface engineering or functionalization-to separate oil droplets ( 100 d < µm) from a surfactant stabilized emulsion with a flux of ~11,000 L m -2 hr -1 bar -1 . We believe these findings can inform the design of future oil separation materials.
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Detergency and its implications for oil emulsion sieving and separation
Abstract
Separating petroleum hydrocarbons from water is an important problem to address in order to mitigate the disastrous effects of hydrocarbons on aquatic ecosystems. A rational approach to address the problem of marine oil water separation is to disperse the oil with the aid of surfactants in order to minimize the formation of large slicks at the water surface and to maximize the oil-water interfacial area, which governs the biodegradation rate. Here we investigate the fundamental wetting and transport behavior of such surfactant-stabilized droplets and the flow conditions necessary to perform sieving and separation of these stabilized emulsions. We show that, for water soluble surfactants, such droplets are completely repelled by a range of materials (intrinsically underwater superoleophobic) due to the detergency effect;
therefore, there is no need for surface micro/nanotexturing or chemical treatment to repel the oil and prevent fouling of the filter. We then simulate and experimentally investigate the effect of emulsion flow rate on the transport and impact behavior of such droplets on rigid meshes to identify the minimum pore opening ( w ) necessary to filter a droplet with a given diameter ( d ) in order to minimize the pressure drop across the mesh-and therefore maximize the filtering efficiency, which is strongly dependent on w . We define a range of flow conditions and droplet sizes where minimum droplet deformation is to be expected and therefore find that the condition of w d ≈ is sufficient for efficient separation. With this new understanding, we demonstrate the use of a commercially available filter-without any additional surface engineering or functionalization-to separate oil droplets ( 100 d < µm) from a surfactant stabilized emulsion
Introduction
Petroleum hydrocarbon releases into marine ecosystems from industrial accidents or oil tanker sinking are disastrous for aquatic ecosystems [1, 2] . Strategies to mitigate the adverse effects of such events vary depending on circumstances (e.g. biodegradation, skimming, controlled burns, siphoning, etc.), but the goal is the same-complete removal of hydrocarbons.
Reduction of oil substances dispersed in water is a challenging problem, in part due to the number of different ways that the system can manifest itself-separate phase, two-phase emulsion, or solubilized [3] . In the Deep Water Horizon spill, one of the strategies was to inject presence of a surfactant, namely sodium dodecyl sulfate (SDS). In the former case, the receding contact angle ( * r θ ) is °-practically superoleophilic-while in the latter case it is °, practically superoleophobic. It should be noted that this extreme non-wetting state is achieved in the absence of any surface micro/nanotexturing, which is usually required to observe such behavior [9] . While oil-solid interactions in micellar solutions are well-documented [7, [10] [11] [12] [13] [14] , such knowledge has yet to be applied to the design of meshes for separation of surfactantstabilized oil-water emulsions [6, 9, [15] [16] [17] . Therefore, while previous work has been done on the effect of pore size on pressure drop and separation [4, 18] , the focus of the present investigation is to understand this surfactant-induced anti-wetting mechanism, which is referred to here as detergency-the process whereby soils, liquid or solid, are removed from a substrate material [10] -and to see its implications for oil separation from surfactant stabilized emulsions by studying droplet-mesh interactions at the single droplet level.
Results and Discussion
Surfactant Influence on Wetting Behavior: The Role of Detergency
To better understand the effect of substrate material on surfactant-induced underwater oleophobicity, we began by observing the influence of an anionic surfactant, sodium dodecyl sulfate (SDS), on the wetting behavior of an oil (hexadecane) droplet on a variety of substrates in an aqueous medium. We conducted two sets of contact angle measurements in pure water and in a micellar solution sufficiently above the critical micelle concentration (0.03 mol L -1 in water).
Each set consisted of both receding ( and it is clear that these values depend greatly on the surface type [19] . For the sake of discussion, we will concentrate on the two tested surfaces that have the most oleophobic and oleophilic wetting property, which are borosilicate glass (further referred to as glass) and poly(vinylidene fluoride) (PVDF), respectively. Due to the chemical nature of oxygen-plasma treated glass, its surface has a strong affinity for water [20] ; therefore, it is expected to exhibit underwater oleophobicity. PVDF, on the other hand, is hydrophobic [21] , so here one would expect that, in a water environment, PVDF would exhibit oleophilic behavior, as shown by 
where θ is the intrinsic contact angle of an oil droplet on the surface and sw γ , so γ , and ow γ are the solid-water, solid-oil, and oil-water interfacial energies, respectively. The nature of surfactants is to positively adsorb at the interface between polar and non-polar materials causing the associated γ to decrease. Based upon the nature of the interfaces, we can reason as to whether or not the surfactant molecules positively adsorb there and ultimately whether or not the respective γ should be affected [7] . For the present system (oil-water-solid), a reduction in is expected due to the nonpolar and polar nature of oil and water, respectively; here, SDS migrates from the bulk water phase to the interface. Experimentally, we observed a significant reduction of yield [22, 23] ( )
In the case of a glass surface, previous work for a system with a high-surface-energy solid, an oil, and an anionic surfactant has shown that so sw Γ > Γ [23] Figure S2 ). Together, this is our interpretation of how a polar material (glass) can maintain underwater superoleophobicity after exposure to a surfactant.
The PVDF substrate represents a different case. In Figure 2b we observe that wettability switches from underwater oleophilic to underwater superoleophobic. mechanism, which explains the switch in wettability after the addition of surfactant, the small degree of surface roughness (see Figure S1 for micrographs of surfaces) may also enhance the oleophobicity by allowing small pockets of water to remain entrapped between the oil droplet and the surface resulting in the droplet contacting a composite water-solid interface. [24] In order to better understand such wetting behavior, it is useful to discuss detergency and its related anti-wetting mechanisms with respect to oil already in contact with a solid. Several mechanisms relevant to the present investigation for oil removal and repellency through the aid of surfactants have been suggested based upon macroscopic experimental observations [7, 8, 25] .
The so-called "rolling-up" mechanism (detergency), first proposed by Adam [7] , states that the three-phase contact line spontaneously shrinks due to surfactant adsorption at selected system interfaces (oil-water and water-solid), resulting in an increase in contact angle and ultimately oil separation from the surface, and occurs when the following condition is satisfied: to the present study is that, at equilibrium in a surfactant-laden water environment, the hexadecane droplet resides in a non-wetting state with respect to the solid PVDF surface, due to a reduction in sw γ -switching the wettability of the surface. Interestingly, due to the variety and number of mechanisms available for surfactants to adsorb at a variety of interfaces and inherently change the interfacial properties of the three-phase system, it seems that a wide range of substrates can benefit from this detergency mechanism, and which appears to be supported by the consistently high underwater hexadecane contact angles on all the surfaces that we investigated.
All underwater oil contact angles were performed on a substrate that was initially wet with an aqueous solution. If instead, the substrates are initially wet with hexadecane and then exposed to an aqueous solution, the contact angle behavior of hexadecane is different. This is shown by Suppl. Video 1, where the initial contact angle is ~0° and it steadily increases with time. While the contact angle increases, we did not observe a contact angle >150° during the several minutes that the measurement occurred over. In this study, we only used water-soluble surfactants. Were the surfactants to be oil-soluble, one should expect that surfactants would only adsorb at the oilwater and oil-solid interfaces and not the water-solid. Therefore, only so γ and ow γ will be reduced relative to sw γ . Applying this to the roll-up condition, so ow sw cos 0 γ γ θ γ + − > , shows that detergency or superoleophobic behavior is less likely.
Ultimately, the presence of surfactant rendered all of our studied surfaces underwater superoleophobic without requiring micro/nanotexturing or chemical treatment. We found that for one to observe underwater superoleophobic behavior for hexadecane, the surfactant concentration should exceed the CMC value (see Figure S3 ). The observation of this phenomenon across the complete range of substrates shows the versatility and facility of this detergency mechanism and opens up the choice, without restriction, of the substrate materials for facile oil separation.
Oil-Water Separation using Non-functionalized Surfaces
Our observations of the intrinsic underwater superoleophobic behavior of a range of surface types in a surfactant environment led us to investigate this phenomenon and its implications for the efficacy of oil-water separation through filtering, aiming at surface simplicity, durability and robustness which, in different combinations, are limiting factors of micro-and nanotextured surface technologies (i.e., coating degradation).
The efficacy of a separation medium for oil-water emulsion separation can be determined by its separation efficiency. Separation efficiency for a fixed energy input (e.g., pumping) can be quantified by the overall ability to separate oil and water and the speed at which this can be done.
These two quantities end up being intimately related. On the one hand, the ability to completely separate oil and water depends on the smallest oil droplets that can be blocked from passing through the separation medium. Understandably, smaller pore radii, , are able to block smaller oil droplets, ultimately leading to better separation ability for the finest emulsions. The pore radii, however, also exhibit a strong relationship to the pressure drop across the separation medium, where the pressure drop per unit length of the pore, , is proportional to
, which is an important factor affecting the energy input and separation speed [28] . In short, the smaller the pore size, the slower the allowable flow rate will be for the same pressure drop. Due to mechanical strength limitations of filter media and concerns of oil droplet breakthrough forces, it is advisable to keep the pressure drop across the separation media as low as possible. To this end,
we conducted experiments that quantified the optimal pore size in relation to complete separation ability, by quantifying the smallest droplets that can be filtered with a given pore size through the so-called "size-sieving" effect, or separation based upon drop size [6] . Figure 3a illustrates the setup used to conduct these experiments, which consists of (1) an oil (hexadecane)-in-water surfactant (SDS, 0.03 mol L -1 in water) stabilized emulsion flowing due to gravity against (2) a simple stainless steel mesh; the interaction between oil droplets and mesh is visualized with (3) an inverted home-built fluorescence bright field laser microscope with a water immersed objective. Note that the surface of the wires in the mesh is not textured;
instead, the interaction with the oil is purely regulated by the presence of the surfactant in the mixture. The flow is regulated with (4) a syringe pump. Figure 3b shows a micrograph of one of R / P L ∆ the as-purchased woven stainless steel meshes that was used in this study, which has repeated square pores. Figure 3c shows a micrograph of a single pore indicating the pore width, µm; the mesh is false-colored yellow to improve clarity. While the density of hexadecane ( ρ ) is less than that of water ( ρ ), and therefore, hexadecane is buoyant, the velocity of water under these circumstances-although flowing in the direction opposite that of the buoyancy force acting on the oil droplet-is sufficient ( given in the Methods, section 'Characterization'.) We did not study the sieving behavior of oilin-water emulsions with no surfactant present. If there is no presence of surfactant, then creating a large number of very small oil droplets, which are difficult to separate, is energetically unfavorable. Therefore, the droplets will migrate to the surface of the water relatively quickly, due to buoyancy forces, where they will pool. At this point, the oil can be skimmed (see Suppl.
Video 4). noted that during these experiments we observed minor choking of the mesh due to blocked droplets that did not immediately coalesce, however no fouling due to oil wetting the mesh was observed. We expect that, in the actual separation process, blocked droplets will eventually coalesce [29] , growing larger and increasing their buoyancy force allowing them to overcome drag and capillary forces, which will limit choking of the pores. This drop coalescence rate, however, remained outside of the scope of this study.
To better understand why d w ≈ is a sufficient condition for droplet separation (i.e., minimal droplet deformation), it is instructive to consider the flow behavior of a single emulsified oil droplet. Figure 5a shows the flow conditions around a rigid sphere when 
where g is the acceleration due to gravity where the forces act in opposite directions. Therefore, when the forces are in balance, the sphere has a terminal velocity. In the present work, the sphere is a viscous liquid, and accounting for this, the terminal velocity can be defined as [28] (see Supplementary Information, section 'Droplet distribution') ( ) Figure S2) ). Although the surfactant lowers the interfacial tension between the oil and water phases, the small d still causes We to be extremely small at the chosen flow rate and significant droplet deformation is energetically unfavorable.
Therefore, the capillary forces are expected to dominate the inertial forces during the separation We process, which is confirmed by the sieving experiments in Figure 4 . Since the droplet sizes that were observed in the presence of the mesh were almost all smaller than the pore size of the mesh, we can assume that very minimal deformation of the droplet due to inertia to squeeze the drop through the pore took place. We conclude that, to be most efficient in separation, one should choose a value of w that is just slightly smaller than the smallest droplet diameter that is desired to be filtered. After the droplets are blocked by the mesh by the optimal pore size, we expected that oil droplets would coalesce via Ostwald ripening, producing larger droplets (increased d )
that have a buoyancy force sufficient to overcome the drag force of the entraining water flow and then they would move towards the top of the emulsion, separating the oil from the water phase. . It is clear that, for the largest value of w , the droplet was able to pass through the mesh upon exposure to surfactant, in spite of the fact that the mesh was intrinsically underwater superoleophobic (see Figure S4 ). In the case of smaller w, the deformation due to the addition of surfactant is not sufficient to let the droplet through the 
Large-area separation materials
Up until this point we have created a science base to support the development of a new scalable technology, based on commercially available materials to separate surfactant stabilized oil-in-water emulsions, that is potentially applicable in an industrial setting. The science base is grounded in two areas: thermodynamics (the equilibrium wetting nature of different materials in different environments) and fluidics (the balance between pore size and separation efficiency).
Based upon our thermodynamic observations and analysis, we have learned that the detergency effect is applicable to a wide range of materials, allowing a practically unconstrained choice of material for the filter medium. Based upon our fluidics observations and analysis, we have learned the relationship between the pore size of the filter medium to the smallest allowable emulsion droplet size to achieve separation. Using this information we selected non-woven glass/polypropylene syringe filter-with effective pore sizes of 450 nm-as a scalable, largearea, and commercially-available solution to efficiently filter emulsions with minimum droplet diameters in the microscale. To demonstrate this, Figure 7a -d shows gravity-driven emulsion separation with such a non-woven material. In this demonstration, the emulsion flux is ~11,000 L m -2 hr -1 bar -1 , which, from the above fluidics considerations, could be increased without suffering droplet deformation and filter penetration (see also Supplementary Information, section 'Separation Efficiency' and Suppl. Video 6).
Conclusions
The present study investigated the fundamentals of filtering emulsions that are stabilized in a surfactant-laden water environment. We found that surfactants exhibited a detergency effect beyond a certain concentration (critical micellar concentration), causing oil droplets-at both micro and macroscale-to be in a superoleophobic state with respect to a range of solid materials without the need for surface chemical functionalization or surface micro-or nanotexturing-a wettability design rule. With this new understanding with respect to wettability, we identify the pore size of a woven mesh necessary to filter an emulsion droplet with a prescribed diameter, with the goal being to minimize the pressure drop across the mesh. Due to the small scale of the droplets, we found that capillary forces dominated, and droplet deformation was energetically unfavorable during filtering. Therefore, to filter a droplet with a given diameter, the pore opening should be just slightly smaller-a fluidic design rule. Once the droplets are blocked by the mesh, we expect that coalescence of droplets will occur and, once the droplets are large enough, that they move upwards due to buoyancy to populate the region of oil at the top of the emulsion where they can be skimmed. We estimate that the condition of minimal droplet deformation ( 1 We << ) and inertial effects ( 1 Re < ) should be satisfied until separation (volumetric) fluxes of ~10 4 L m -2 hr -1 , demonstrating the efficacy of this approach. Due to the detergent-driven nonwetting nature of the meshes, we were able to demonstrate the ability to filter droplets on the basis of size, with the mesh filtering droplets above a selected diameter (emulsion sieving). We then demonstrated complete separation of a surfactant-stabilized emulsion with a commercially available non-woven material (as purchased, no functionalization) with an emulsion flux of ~11,000 L m -2 hr -1 bar -1 demonstrating the capabilities of this approach.
Methods
Materials
We used the following chemicals and substrates in our study on wettability under the For the separation investigation, we used the following materials: metal meshes (TWP Inc., see Table 1 
Preparation
Prior to contact angle measurements, we cleaned all substrates by sonication in a deionized water bath, isopropanol bath, and an acetone bath each for five minute time intervals (excluding the PMMA in acetone, due to its solubility) followed by three minutes of oxygen plasma-ashing at 100W (Diener electronic GmbH Type FEMTO PCCE). The PDVF surface was spun coat onto the clean glass after cleaning and directly used for testing afterward. We prepared a stock solution of SDS (0.03 mol L -1 ) in de-ionized water for facile experimental repeatability with the micellar environment.
Prior to the separation experiments, we cleaned the stainless steel and aluminum meshes by soaking them in a de-ionized water bath, isopropanol bath, and acetone bath. The syringe filters were used as received.
Characterization
We conducted contact angles measurements using both a custom home-built setup and a Figure 2 , we conducted at least ten contact angle measurements for each surface in both a pure de-ionized water and a 0.03 mol L -1 SDS water environment. Due to the lower density of hexadecane with respect to water, we built an inverted PMMA housing to simplify the underwater contact angle measurements. We initially filled the housing with either de-ionized water or the stock solution of water and SDS and then carefully set the sample in the liquid environment using clean tweezers.
We then introduced a hexadecane drop onto the surface through the dispensing needle to obtain an advancing contact angle measurement. We then removed the oil from the surface through the needle to obtain a receding contact angle measurement. We controlled the addition and removal of the oil using a syringe pump. We used image analysis software on recorded videos of this process, done ten different times on different sample locations for each sample. For the contact angles of FC-770 on stainless steel and aluminum we used the same tools in a similar fashion except that the needle was not inverted due to the high density of FC-770 to water. We continually increased the concentration of Triton X-100 in water in order to understand the relationship between surfactant concentration and contact angle. The results are shown in Figure   S4 . To investigate the effect of droplet size (hydrostatic pressure) on wetting behavior, Figure S5 shows an image of a relatively large hexadecane droplet in contact with a PMMA substrate in an aqueous surfactant solution (0.03 mol L -1 ). In spite of the large droplet size, and corresponding hydrostatic pressure, no effect on the droplet contact angle was observed. The droplet diameters used for measuring the advancing and receding contact angle values reported in Figure 2 were kept below the capillary length.
We used the pendant drop method, with a commercially available droplet shape analyzer (DataPhysics, OCA 35) [31] , to calculate the interfacial tension of hexadecane in water, SDS, and Triton X-100 micellar solutions with varying concentration. A transparent plastic bath was initially filled with hexadecane and a water droplet with different concentrations of SDS (ranging from 0 to 0.03 mol L -1 in water) was introduced through the dispensing needle into the hexadecane environment. We recorded the droplet shape and analysis was done using computer software. Five to ten measurements for each concentration were performed. A pristine plastic housing and needle was used for interfacial tension measurements without surfactant. Between each trial of varying surfactant concentration, the plastic housing was thoroughly cleaned and the needle replaced, with measurements beginning from low-concentrations of surfactant and proceeding to higher values. We used the same methods as above to calculate the interfacial tension of FC-770 in water and Triton X-100 with varying concentrations. In this case, the continuous environment was water and FC-770 was dispensed from a needle. The results are shown in Figure S2 .
We tested the separation characteristics of the stainless steel mesh by analyzing droplet distributions of a surfactant stabilized oil-in-water emulsion with and without the presence of the stainless steel mesh. The emulsion had a concentration of ~4 wt.% hexadecane and its flow rate was 382 µL min water) at room temperature. In order to perform sieving experiments, we wanted to be able to reproducibly produce a significant number of oil droplets with diameters (d) larger than the mesh pore sizes (d > w). To achieve this, we used the same emulsion mass (10 g), oil concentration (4 wt.% oil), temperature (room temperature), mixing speed (1500 s -1 ), and mixing time (25 min).
Furthermore, for sieving experiments, the emulsion was added to the experimental setup immediately after mixing ceased-to minimize the effect of coalescence-and the emulsion flow rate was kept constant (382 µL min -1 in a pipe of diameter 4.8 mm). Figure S6 shows the relative oil droplet diameter frequency for four separate surfactant stabilized oil-in-water emulsions flowing in the experimental setup, and it is clear that there is a significant fraction of oil droplets with d > w. The same emulsion preparation procedure was used for creating surfactant stabilized oil-in-water emulsions for the dynamic light scattering study, and the oil concentration was 5
wt.% hexadecane.
The experimental set-up consisted of a home-built inverted bright field laser microscope with a water immersed objective (see Figure 3 ). We used a high-speed camera (Photron FASTCAM SA1.1) to record the separation for later analysis and made a PMMA housing in order to facilitate observations. The housing consisted of a hollow column that was mounted into a recessed hole in a PMMA block which could be fitted with an objective from below in order to observe droplets on the plane immediately below the mesh (see Figure 3a) . Initially, we observed the droplet size distribution of an SDS-stabilized oil-in-water emulsion without the use of any mesh. We initially filled the column with the emulsion and used the syringe pump to control the flow rate. We made five separate recordings to analyze the size and count of oil droplets that we observed using a self-developed Matlab image recognition code. This data acted as the control data for size distribution of the emulsion. We then inserted and sealed the 635 stainless steel mesh between the column and the block and we made five further recordings (focusing on the back side of the mesh) of the same emulsion at the same flow rate. We did not observe any effect of the fluorescent dye on the underwater wetting behavior of hexadecane on the mesh. Again, we analyzed the size and count of these droplets using the same Matlab code. The results of these experiments are illustrated in Figure 4 .
The separation ability of large-area, commercially available material was investigated using a syringe filter. We filled a syringe with an emulsion consisting of a 5 wt.% of hexadecane in a 0.03 mol L -1 SDS water environment. The syringe filter was connected to the syringe and the emulsion was pushed through the filter into an empty glass vile. A sequence of the separation is illustrated in Figure 7 . In order to characterize the oil separation ability of this filter, we analyzed emulsion before and after separation with dynamic light scattering (DLS; Malvern DLS Zetasizer Nano ZS). Specifically, we were interested in characterizing droplets with submicron diameters, which we achieved by allowing the emulsion to settle for > 1 hr. Figure S7a shows a plot of intensity vs. effective particle diameter for the oil-in-water emulsion before and after filtering (Acrodisc, glass 1 μm fiber prefilter, 0.45 μm polypropylene filter), and it is clear that before filtering, there are particles with submicron diameters, and that after filtering, all particles with d > 0.45 µm are separated. To confirm that this signal is attributed to oil droplets, we ran a control experiment where we analyzed the aqueous surfactant solution before and after filtering. Figure S7b shows a plot intensity vs. effective particle diameter for the surfactant solution before and after filtering (Acrodisc, glass 1 μm fiber prefilter, 0.45 μm polypropylene filter), and it is clear that in both cases, the signal intensity is well-below that observed for the unfiltered oil-inwater emulsion.
To investigate the three-dimensional wetting configuration of oil droplets lying on the separation materials before and after exposure to a surfactant laden water environment, we performed synchroton X-ray tomography at the TOMCAT beamline at the Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland. The TOMCAT beamline exploits a 2.9 T magnetic dipole, corresponding to a critical energy of 11.1 keV, generating a closely bundled and highly brilliant X-ray beam. A fixed-exit double crystal multilayer monochromator (DCMM) is set up to obtain a central X-ray photon with polychromatic radiation with a 5% filter, resulting in broadband radiation with a peak energy of 30 keV. The X-ray beam passing through the sample setup is converted by scintillator (LAG:Ce 20 μm) into visible light, which is captured by a 2-4x adjustable magnification objective lens fitted to a sCMOS camera with a pitch of 6.5 μm. The synchrotron X-ray radiography images were recorded at 33 fps, with an exposure time of 7 ms, and at 0.33 mm pixel resolution, providing high temporal and spatial accuracy. The spatial resolution is set by the microscope system of TOMCAT beamline, where the effective camera pixel size is 1.78 μm and the magnification of objective lens is 3.65x. Reconstruction was done using standard absorption contrast.
We obtained the results for the effect of surfactant on the Bond number (Figure 6c ) by initially setting a FC-770 oil drop onto the aluminum 20 mesh in a water environment and introducing a 0.06 mol L -1 Triton X-100 solution in water at a rate of 0.1 mL min -1 with the syringe pump and filming the event with a high-speed camera (Phantom v9.1). We obtained the results for the effect of We on separation limitation (Figure 6d ) by filming the impact of FC-770 oil in the form of a droplet and also a jet-in order to achieve high values of We -on a variety of meshes with the same high-speed camera. We were able to vary the Weber number by changing the pumping velocity of the syringe pump and therefore the impact velocity and by changing the size of the oil jet or droplet. We were able to vary the ratio of drop diameter to pore opening ( / d w ) by using different meshes and by changing the size of the oil jet or droplet.
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